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Preface

In his opening round of lectures, Col. John Warden proclaimed that the principles
of the air campaign planning process taught at ACSC are directly applicable to a wide
variety of non flying endeavors. We decided to put that statement to the test. Coming
from a robotics background, the natural test case was the development of some type of
robotic system acquisition campaign. The logical specific robotic system to focus on was
the Next Generation Munitions Handler (NGMH).

Planning an NGMH acquisition campaign would not be just an academic exercise.
At the initiation of this research enterprise, the current NGMH undertaking was in the
middle of a detailed conceptual design study. The basic framework for a multi-year
Advanced Technology Demonstrator (ATD) program was in place, but acquisition
planning had not progressed beyond that stage. We also knew that existing program
managers would be receptive to our findings since Major Leahy had a working
relationship with all the major players, and was a guiding force in the creation of the
current NGMH ATD program.

Planning a full acquisition campaign from milestone zero to a fielded system is
beyond the time and talents of two ACSC students. The project sponsors were also not
interested in planning that far afield. The specific portion of the acquisition process they
were interested in planning, was how to get from the conceptual ATD design (where they

were) to a program for developing a full commercially supported prototype (5 years down
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the road). However, they lacked the time and expertise to conduct the necessary research.
Therefore, we concentrated on applying air campaign concepts to prototype acquisition.

An operational level center of gravity (COG) analysis is arguably the most
important step in the campaign process. However, that was not the main emphasis of this
research report. A comprehensive five ring analysis was not required or conducted. Prior
to the inception of this project the major impediments to a full prototype acquisition were
well known. A technology roadmap was needed to identify the critical technologies and
define a path to achieve them. A dual use business case would identify potential military
and civilian uses for those technologies that justify their research and development costs.
Removal of those two impediments was within the scope of a small ACSC research team.

From a five ring analysis viewpoint of the acquisition process, development of a
critical technology roadmap and a dual use business case analysis, are the COGs in the
systems essentials ring. Our task was to conduct an intelligence preparation of the
battlefield sufficient to support selection of specific targets and recommend course of
action (COA) against those COGs. The tactical level planning that would result in the
equivalent of a master attack plan and air tasking order (milestone planning and statement
of work) is the purview of the operators who will hopefully execute the recommended
COA:s.

We are pleased to report that the basic tenets of air campaign planning provide a
useful framework for conducting the deliberate planning required to commence an
acquisition campaign. Our comprehensive intelligence analysis of the technology
battlefield supported the creation of detailed COAs for the critical technology roadmap.

We completely accomplished our objective in that area. However, the dual use business
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case analysis was not as thorough as originally envisioned. As with most research
projects, our initial vision was too aggressive for the time allotted. While the business
~ case analysis is not complete, it does represent an invaluable start to the full development
necessary to effectively attack that COG. As an additional benefit, the first chapter
preserves the history of the NGMH program to replace the cdrporate memory that has,
and will, PCS in the near future.

This project would not have been possible without the support of many people.
SMSgt Tom Turner from the Munitions Material Handling Equipment focal point
provided the funding essential to attend the NMGH ATD Critical Design Review and
Advanced Research Project Agency Taskable Machines Workshop. Tom has been a
driving force from the beginning of the current robotic munitions loader program. Captain
Brian Cassiday and Lt. George Koury, from the Robotics and Automation Center of
Excellence, answered our seemingly endless requests for detailed information. We hope
our results RACE to win the NGMH acquisition campaign that it will be responsible for
waging in the coming years. Dr. Francois Pin’s consul and insights helped keep the
technology roadmap on track, and made sure we had the latest information on the current
Oak Ridge National Laboratory NGMH ATD design efforts. We hope your ATD design
is funded to completion and that ORNL plays a leading role in the basic research portion
of the prototype acquisition campaign. Major Paul Whalen provided a detailed technical
review of the document. Major Marie Morgan kept our research on track and hopefully
within the acceptable bounds of an ACSC research project. Finally, we thank our families
for putting up with the time demands, and look forward to a return to a more normal life

where the weekends are not just two more working days until Monday.
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Abstract

The Air Force will improve the quality of the aircraft munitions loading process by
fielding a new generation of munition handling equipment that incorporates emerging
telerobotics technology. An active program is underway to develop an Next Generation
Munitions Handler (NGMH) Advanced Technology Demonstrator (ATD). This project
uses air campaign planning principals to address the development of the technology
roadmap and dual use business case study required to transition the ATD into a full-scale
prototype. A discussion of the history and performance requirements for telerobotic
munition handling is provided as a background for creation of an initial critical
technologies list. The maturity level and validity of that list is investigated through an
intelligence preparation operation that supports the election of nine specific technology
targets. Courses of action to bring those technologies to commercial-off-the-shelf
availability are explored. Scenarios for technology application in a range of alternative
military and commercial applications lay the groundwork for development of a dual use
business case. Civilian industry coalition partners were identified. Creation of a full scale

NGMH prototype acquisition campaign is now possible.
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THE NEXT GENERATION MUNITIONS HANDLER PROTOTYPE
ACQUISITION CAMPAIGN:

TARGETS & COURSES OF ACTION

Chapter 1: Introduction

Motivation

Munitions are currently loaded on Air Force fighter aircraft using 1950°s
technology. These labor intensive methods, while adequate for a second wave forward
deployed military, are not optimal for supporting global reach global power projection into
the 21st century. The solution lies in the incorporation of emerging telerobotics
technology into the munitions handling process. The motivation for this research is the

continued development and eventual fielding of a next generation munitions handler

prototype.

Background

The Air Force has an ongoing program to determine the feasibility of significantly
enhancing the capabilities of munitions handling equipment by incorporating emerging
telerobotic technologies into a new system design. The Air Force Material Command
(AFMC) Robotics and Automation Center of Excellence (RACE) at Kelly AFB TX is

providing technical direction for the design and development of the Next Generation




Munitions Handler (NGMH) Advanced Technology Demonstrator (ATD).! The project
has been sponsored by the Munitions Material Handling Equipment (MMHE) focal point
out of Eglin AFB. Detailed conceptual design studies were performed by a team from
Oak Ridge National Laboratory (ORNL). The performance requirements generated by
the RACE/MMHE/ORNL team serve as the jumping off point for this research effort.
Appreciation of those performance requirements demands a solid understanding of

the current munitions loading process. The complete weapons loading procedure
sequences through five basic operations:

munition build up and trailer loading,

transportation to the flightline,

preparation of receiving stations (racks and launchers),

loading, and
final hook-up.

Nk

The processes involved in munition buildup, station preparation, and final hook-up require
a level of human dexterity that exceeds the capabilities of emerging technology. Léading
is the most time consuming operation with the largest fraction of crew size. The NGMH
program is addressing the process of loading munitions onto the current and future fighter
inventory of the Air Combat Command (ACC). Complete details for the loading
procedure can be found in the appropriate technical orders.” The description that follows
is based on personal observation and interviews with crew members performing Integrated
Combat Turns (ICTs)®, and a preprint of a RACE report.* The objective is to provide a
top level overview of the process with emphasis on the aspects that make munitions
loading a challenging opportunity for the introduction of new technology.

An ICT comprises the set of actions required to quickly recover and relaunch a

fighter aircraft. Assuming a healthy aircraft, munitions loading is the most physically




demanding and time consuming portion of the combat turn. The ICT is performed within
the confined space of hardened aircraft shelters or within a similar sized area on the open
flightline. All the munitions are arrayed on munitions trailers at predefined points around
the perimeter. The trailers are used to transport the munitions from the bomb build-up
area, where all procedures necessary prior to loading are accomplished, and provide easy
access for the load crew.

A load crew consists of three highly-trained individuals. Their primary piece of
equipment is the MJ-1A/B Aerial Stores Lift Truck, commonly referred to as the
“jammer”. The jamrﬁer was originally developed in the 1950s and is the standard piece of
Air Force equipment used for loading munitions weighing up to 2,500 Ibs along with a
host of other miscellaneous lifting tasks around the bomb dump and the flightline.’ A line
drawing of the jammer is shown in Figure 1. The MJ-1 is a diesel powered, self-propelled
vehicle that houses the hydraulic arm used to perform the heavy lifting required for
munitions transportation and loading. At the end of the arm is a loading table that is
rapidly reconfigurable for bombs or missiles. One crew member drives the jammer while
the other two assist in the installation actions and perform safety checks. The driver
controls the direction and speed of the platform, along with the height of the lifting arm,
from the driver’s seat. An additional set of arm controls is provided near the loading table
for use in final alignment. Acquiring the bomb or missile from the trailer is where
employment of the jammer becomes acute.

The munitions loading operation is further subdivided into two broad categories:
missile or bomb attachment. The first noticeable differencebbetween the categories is in

the configuration of the table at the end of the jammer’s hydraulic arm. For bombs, the
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Source: Ground Support Equipment for Aerial Stores Handling and Aircraft Maintenance.
Engineering Specifications, Issue No. X VI, Dallas, TX: Standard Manufacturing Company,

Inc., 1990.

Figure 1: MJ-1 Jammer

jammer’s end effector is a set of four rollers which provide the operator with an additional
rolling degree-of-freedom (DOF) along the axis of the bomb that is crucial for the final
alignment of the lugs and bomb rack. Each bomb has a set of suspension lugs which are
mated to a set of latches in the bomb rack. The lugs are on either side of the bomb’s
center of gravity, with 14 or 30 inch spacing depending on the munition weight.$

There are two basic types of bomb racks in the inventory . Figure 2 illustrates a
BRU 48. Bomb rack location and configuration is a function of the specific airframe. The

basic problem remains how to quickly transport the bomb from the trailer to the vicinity




of the rack and then perform the mating. Understanding the loading process is critical to
defining jammer performance specifications.

The bomb loading operation starts when the jammer driver positions the end-
effector under the desired bomb on the trailer. One of the other crew members is usually
close to the bomb to provide the visual feedback the driver needs for precise pick-up
positioning. Once the bomb is acquired by the jammer, the munition is rapidly moved into
the vicinity of the specific bomb rack. The additional crew member walks alongside the
bomb to ensure safety. The driver raises the munition to within about a foot of the rack
and strives to coarsely align the suspension lugs with the rack latches. Final alignment is
then performed by the second crew member using the single DOF controls at the end of
the hydraulic arm. Once the bomb is latched, the driver pulls away to acquire another
munition while the other crew members perform the final hook-up operation. A skilled
crew makes this procedure look simple, but observation of trainees shows that the process
is really quite complex. Even the best of crews remarked that proficiency degrades rapidly
in the absence of constant training, and bomb loading is easy compared to installing

missiles.®




Figure 2: BRU 48 Bomb Rack

The initial phase of heavy missile loading is almost identical to the transportation
and coarse alignment procedures for bomb attachment. The main difference is that the
four rollers on the end-of-arm loading table are replaced with a three DOF device called
the OSLA. The OSLA is basically a fancy C-clamp attached to a slider that permits the
missile to be rotated over 120 degrees and translated roughly six inches along its axis.
The OSLA end-effector allows the missile to be removed from the trailer without putting
any weight on the wave guide, while also keeping the attachment points free for final
alignment and installation.” Figure 3 shows an Advanced Medium Range Air to Air
Missile (AMRAAM) attached to the jammer." The Velcro strap around the missile body
is especially significant. This is a safety precaution to prevent the missile from falling out
of the clamp. As an additional safety precaution an operator walks alongside the missile
to insure it does not fall out of the end-effector or hit any obstacles on the way to the
launcher rail. The process of attaching the missile to a pylon-mounted launcher is the
most complex portion of the ICT.

There are two main differences between bomb and missile installation that
significantly alter the loading operation. While the bomb loading process is primarily

performed in the vertical plane, missiles are attached to launchers in a horizontal plane. To




Figure 3: Jammer with Missile

further complicate the procedure, attachment is no longer a simple process of aligning lugs
and latches. The missile installation procedure is specific to the launcher that the munition
is being loaded on. To accommodate the design restrictions for several different type of
launchers'!, missiles have three attachment points as illustrated by the AMRAAM in
Figure 4. Installation requires aligning at least two of the three lugs with the appropriate
rail attach points and inserting the lugs. Several launchers also require the additional step
of sliding the inserted missile along the rail to lock it into place.

The salient features of the missile loading procedure are best illustrated by a
specific munition and launcher combination. Mating an AMRAAM to the LAU-128
launcher shown in Figure 5 is representative.'> The task is to align the missile and rack
such that the rectangular lug to the right of the C/G (center of gravity) in Figure 4 can
slide along the inside rail of the launcher while the attachment points to the left of the C/G
slides along the outer rail. Very tight tolerances, and launcher rails that are usually not

parallel to the ground, add to the alignment difficulty. As a further complication, the




Figure 4: AMRAAM Missile Body

operator’s view of the launcher is occluded by the missile. It is not uncommon for all
three crew members to be involved in a missile load. The driver remains seated, the
second member works the table-mounted controls and the third is under and behind the
launcher helping to provide verbal terminal guidance instructions. A small misalignment in
missile pitch or roll prevents the missile from sliding into place, and probably results in the
crew backing up and restarting the final alignment procedure.

A further testament to the difficulty of the current jammer-assisted missile loading
operation is that crews load AIM-9 missiles without it. The AIM-9 is transported from
the trailer and installed without any mechanical assistance. The three crew members carry
the missile to the rack and then lift it over their heads to perform the installation. During
the installation, the operator in the middle, provides the feedback to the other airmen to
achieve the necessary motion sequence. While this missile weighs under 200 lbs, a full day
of loading and/or short crew members make this a very demanding operation.

The Air Force has effectively used these same basic loading operations for over 20
years. The dexterity, speed, and adaptability requirements for the numerous rack

preparation and final munition hook-up, that were only hinted at in the previous




Figure S: LAU-128 Launcher

paragraphs, form a very demanding automation problem. Full automation requires that
the system be designed from the start with that in mind. Even the F-22 was not designed
for fully autonomous munitions loading.”® Therefore, from a technology standpoint, to
say nothing of operator acceptance, talking about full automation prior to 2020 is a waste
of time. However, the concept of an advanced jammer that utilizes roi>otic technology has
not gone unexplored.

The first official analysis of the technology requirements for a robotic munitions
handling device was conducted by members of the Committee on Advanced Robotics for
Air Force Operationsv, Air Force Studies Board, Commission on Engineering and
Technical Systems under the National Research Council. In 1987 General Randolph, then
commander of Air Force Systems Command, commissioned the Air Force Studies Board
to:

¢ evaluate current and potential uses of advanced fobotic systems,

o recommend the most effective applications, and

e identify high payoff areas for research and development.**

The results from that contract were published in early 1989 in a report entitled “Advanced
Robotics for Air Force Operations”.'> That report was not a detailed analysis, but rather a

compilation of the projects and conceptual studies then on-going across the Air Force.




In the late 1980s a small group at the Wright Aeronautical Laboratories was
charged with exploring concepts for aircraft refueling and rearming. Their rearming
concept was centered around a completely autonomous system which employed an
overhead gantry robot to load wingtip missiles. That concept never went beyond a toy
robot mock-up, for reasons that more detailed research would make abundantly clear.
However, the basic idea of using robots in the munitions handling task was one of the
applications recommended by the studies board. The concept was in play.

The concept of robotic munitions handling lay dormant for several years. No
operational command champion emerged and laboratory energies moved onto other
problems. However, the fortunate confluence of three previously independent actions
produced a resurrection during the fall of 1993. The Munitions Material Handling
Equipment (MMHE) focal point at Eglin AFB, under direction from the Air Combat
Command (ACC), was spearheading efforts to enhance munitions handling operations
through the use of modified procedures and improved equipment. One of their avenues of
investigation was the application of robotics to munitions handling. Advances in
telerobotics were convincing an expanding audience that those technologies were no
longer restricted to space, nuclear, and underwater applications.'® Finally, the Air Force
Material Command (AFMC) Robotics and Automation Center of Excellence (RACE) was
actively championing the application of telerobotics to depot problems."” An informal
contact between old friends at RACE and MMHE produced the alliance of operator,
customer, and technologist necessary for the successful development of new system
concepts. That relationship was formalized by a Memorandum of Understanding in April

1994 18
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The first product of that alliance was an engineering study by the University of
Utah Center for Engineering Design (CED).” The MMHE focal point had entered into
this contract prior to aligning with RACE, but RACE played an active role at the kick-off
and final meetings. By design, the CED project was done at a very high level. The study
participants had broad expertise in robotics and teleoperation and made several trips to
witness flightline munitions handling. Their task was to determine the theoretical
feasibility of reducing load crew size by application of robotic technology. Full
automation was ruled out early on, and the emphasis shifted to analyzing different
concepts for enhancing jammer performance.

The current jammer is the bottleneck, or center of gravity, in enhancing the
effectiveness of a munitions load crew. The MJ-1 imposes an artificial division of labor.
The skills necessary to rapidly transport the munition and perform an optimal coarse
alignment are independent of those required for fine alignment and insertion. In addition,
only the driver retains control of the gross motion DOF. If the coarse alignment is not
accurate, the crew member attempting the fine alignment must signal for the driver to
provide the required motion. If the coarse position is adequate, the driver is reduced to a
safety observer for the balance of that individual munition loading process.

The MJ-1 provides a minimal amount of operator feedback. The load crew is
unable to sense the forces being exerted on the weapon and must adjust the alignment
based strictly on vision. When vision is obstructed, as with the missile launcher alignment,
the efficiency of the process is dramatically reduced. A second major limitation is the
inability to coordinate joint motions. All motion is accomplished through separate

actuation of each individual joint. Unfortunately, joint motion doesn’t directly correspond
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to motion in cartesian space.”® For instance, movement of a single jammer arm joint
doesn’t correspond to pure vertical motion. Conv_erting desired changes in cartesian space
into joint motions is not an intuitive process. Miscalculations result in misalignment
and/or binding. The inability to intuitively align the munition also leads to the requirement
for another set of hands and eyes to help with the process.

To eliminate the current jammer deficiencies the CED team evaluated two operator
augmentation concepts. The common premise was to give a single crew member direct
control over both the fine and coarse positioning of the munition in cartesian space,
thereby eliminating the requirement for a dedicated driver. A preliminary concept trade-
off analysis eliminated any exoskeleton designs. The resulting recommendation was for a
teleoperated mobile platform with a hydraulic arm. An artist’s rendition of the concept is
shown in Figure 6. Under this approach, the system automatically compensates for the
weight of the munition and slaves the arm and platform motion to inputs from a force
reflecting joystick mounted near the end-effector. The system, not the operator, performs
the cartesian to joint space mapping. Pushing up on the joystick causes the arm to follow.
Final munition alignment is performed either automatically or via teleoperation. Their
concept illustrated the potential for emerging telerobotic technologies to reduce crew size
and individual airman workload through enhanced human-machine synergy. The CED
report concluded with a recommendation and timeline for a complete prototype
development.

The CED report was sufficient to convince\the ACC headquarters logistics
component to support further research. ACC is very interested in reducing the crew size,

workload, and time required to perform an ICT. Maintaining load crew proficiency during

12




Source: University of Utah Center for Engineering Design. Robotics Applications to
Munitions Operations. Final Report, February 1994

Figure 6: Artist Rendition of CED Concept

peace time is difficult and costly. In an era of doing more with less, a new jammer that
allows the task to be performed more expediently and with less personnel is becoming a
necessity. The performance requirements mandated by ACC were that the new jammer
allow load crew size to be reduced to two personnel without a loss of efficiency, or an
increase in airlift or logistics support.

MMHE and RACE decided that the next step was the development of a Next
Generation Munitions Handler (NGMH) Advanced Technology Prototype (ATD). While
the CED report indicated that the methodologies would be available for a prototype, there
is a significant level of research and development necessary to transition methodologies

into COTS solutions. The RACE/MMHE team also realized that raw technology was
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only part of the solution. The essential question remained unanswered. What is the most
efficient method for employing those technologies? An answer is necessary before
committing to a full prototype.

The NGMH ATD is focused on providing the means for the current load crews to
answer that question. Load crew feedback and comments are critical to successful
prototype design. Only the operators know all the nuances of their jobs. The only
realistic way to acquire their feedback is to provide a demonstrator that they can literally
play with. That demonstrator must be flexible enough to allow the evaluation of a wide
range of possible solutions. The ATD must be manufactured with the intent of
demonstrating the benefits of embracing the new technology, not the usefulness of a
particular system design. Based on those requirements the Air Force entered into a joint
development effort with Oak Ridge National Laboratory (ORNL) to develop the NGMH
ATD*

The RACE/ORNL relationship was formalized with a Department of Energy
project proposal in the late spring of 1994. In May, ORNL was awarded $550,000 to
develop a detailed conceptual design for the ATD manipulator, human interface, control
system, and mobility platform. The MMHE focal point, under the guidance of HQ ACC,
had overall program management responsibility and provided the funding. The RACE
provided overall control of engineering and technical requirements as well as providing
simulation support. The conceptual design phase of the ATD concentrated on
development of a systems concept that incorporates the suite of telerobotics technologies
necessary to determine the optimal mechanical and human interface configurations. The

preliminary and critical design reviews (PDR/CDR) were held in December 1994 and
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January 1995, respectively. ORNL turned the artist drawings of the CED into the
thoroughly analyzed and simulated comprehensive design shown in Figure 7.” The
detailed understanding of the performance requirements generated by the ORNL team

provides the baseline for the research conducted in Chapter Two. The final CDR report is

Source: NGMH ATD CDR, Oak Ridge TN, January 1995.

Figure 7: ORNL NGMH ATD Design

being written concurrent with this thesis project report.
The NGMH ATD program will ascertain the feasibility of reducing load crew size
by use of a telerobotic MMHE system. Assuming that the NGMH ATD is successful,

ACC will want to procure hundreds of these telerobotic systems. The next step in the
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acquisition process is contracting for a full scale prototype development. However, there
are two major impediments that must be removed. Current acquisition policy stresses
utilization of commercial off the shelf (COTS) technology. The NGMH ATD will push
the technology envelope. A subset of the requirements for a robust prototype capable of
all weather operation are outside that envelope. The basic and applied research
requirements, and transition from the laboratory to commercial product, will not be
completed without a dedicated research and development program. Given the current
political and economic climate, and the user requirement for high reliability and
maintainability, a traditional full-scale development plan for a piece of specific military
equipment is unfeasible. A dual use research and development program must be
conducted. Creating the proper project team requires rigorous investigation into the dual
use potential of the NGMH system and/or component technologies. A compelling
business case for both military and civilian applications is the second major impediment.

The RACE/MMHE team recognized those problems and commissioned this study.

Objective

The objective of this research is to provide the sponsors with the critical
technology development roadmap and business case analysis necessary to support an
acquisition campaign whose end-state is a commercial-off-the-shelf (COTS) telerobotic
system that provides the mobility and dexterous manipulation necessary to reduce combat

aircraft munitions load crew size to two individuals.
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Problem Statement

The principles of air campaign planning provide a framework for planning a next
generation munitions handler prototype acquisition campaign. Under that framework,
development of a critical technology roadmap and a dual use business case analysis are
considered two acquisition process system essential COGs. The problem was to identify
the specific target subsets of those COGs and to recommend courses of action (COAs)

that would produce the effects necessary to support the objective.

Scope

The performance requirements validated at the NGMH ATD PDR are the focus
for the intelligence gathering in Chapter Two. An exhaustive search for every possible
military and dual use application was not the goal of the business case developed in
Chapter Three. That development focused on identifying scenarios where utilization of
the telerobotic system would significantly reduce man-hours and/or improve process
quality. The search was concluded once sufficient appliéations have been found to justify
the development costs. The time frame constraint imposed on the campaign process is a
maximum of five years. The Advanced Research Project Agency (ARPA) (one of the
potential program sponsors) tailors all new research and development plans within that
time frame. A large list of government and commercial concerns are involved in
telerobotics. Due to time and resource constraints, we concenﬁated our collaborative

efforts with those agencies already involved with our sponsors.
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Organization

This report consists of five chapters organized as follows: Chapter Two presents
the intelligence preparation of the technology battlefield. After a brief overview the
performance requirements that produce the critical technologies list are reviewed. The
maturity level and validity of the initial critical technology list is then investigated through
a literature search that supports the selection of specific technology targets. Chapter
Three lists those specific targets and recommends courses of action for developing the
target technology. Chapter Four presents the military and dual use business cases. A brief
description of the application is followed by the development of a scenario and resultant
cost analysis for utilizing an NGMH compatible system. Specific high value targets and
recommended courses of action are provided. Finally, Chapter Five summarizes the

results and provides recommendations for future acquisition actions.
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Chapter 2: Intelligence Preparation of the Technology Battlefield

A crucial phase in any campaign is “getting smart” about the enemy. Intelligence
gathering is the knowledge warrior’s key to victory.” Army manual FM100-5 calls this
process intelligence preparation of the battlefield.” An identified COG of the NGMH
prototype acquisition campaign is the development of a critical technology roadmap.
Therefore, the objective of this chapter is to conduct intelligence preparation of the
technology battlefield.

A critical technology target is defined as a set of capabilities that directly support a
specific system performance requirement, and are not commercially available. The end-
state of the intelligence preparation is the comprehensive understanding necessary to
define the proper critical technology targets and recommend courses of action to attack
those targets. To reach that end-state, a comprehensive picture of the industrial and
research communities’ ability to support development of the NGMH prototype was gained
through a review of the current commercial state-of-the-art product specifications and
recent research publications. The goal of that examination was twofold. First, determine
if the critical system performance requirements are achievable with existing commercial
components. Then, if the results of the commercial search are negative, seek out existing
laboratory research that has the potential to meet the requirements. The starting point for
this intelligence operation is the definition of the key NGMH prototype system

performance requirements.
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Critical Technologies Definition

We return to the Air Force Studies Board Report for the first published analysis of
critical technologies for robotic munitions handling.*® The committee members proposed
a relational index for robotics technologies that postulated what level of technological
evolution was required to support prototype development of their recommended
applications. The technologies were divided into four main areas: computer control
systems, sensor systems, actuation systems, and human interface systems. The evolution
scale was divided into six graduations ranging from, existing technology is presently
available with minor modification, to extensive research is required. The ravages of time
and a complete change in munitions handling concept have dulled the effect of this report.
Its merit is more as a historical marker than a specific roadmap. However, the belief that
research and development in the four major areas was required to field a prototype system
remains valid.

As mentioned in the previous chapter, the CED report was the next major
landmark on the robotic munitions handler path.?’ Their conclusion, supported by the
RACE staff, was that a completely autonomous solution to robotics munitions handling
was not feasible within the next five years. The basic concept that emerged was a small
footprint wheeled platform with a heavy lift manipulator that incorporates gravity
compensation and an innovative telerobotic operator interface. The critical technology
implications of that design map into the four major target areas identified by the original
Air Force Studies Board report, plus a new fifth category dealing with mobility.

The major technology elements under control were architecture, algorithms, and

sensor-guided assembly. A control system architecture that supports human
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augmentation, i.e. various forms of what Sheridan calls shared and supervisory control®®,

was obviously essential. Operating under that architecture were control algorithms that
compensate for the weight of the munition and provide compliance regulation. Munitions
weight (more commonly called gravity) compensation, allows the operator to grab the
robot end-effector and manipulate the munition as if it were weightless. Compliance
prevents the build-up of potentially damaging forces when the munition is brought into
contact with the rack or launcher rail. The final subcomponent under control was sensor-
guided part mating. The CED report briefly addressed the idea of having the system
perform the final mating of the munition and rack. In the broader sense, this is a form of
automated assembly.

The subcomponent levels of the other target areas were not as well developed, but
the critical nature of each was evident. In order to lift a 2500 Ib. bomb a heavy lift
hydraulic manipulator is required. An effective operator interface must allow the user to
literally grabs a handle on the system and drag the platform or arm into the desired
position. The CED called this sophisticated form of human machine interface come-along
control.?? Creation of such an interface is essential to the objective of intuitive operator
interaction with the system. Sensor-guided assembly requires small rugged devices that
can operate within the electromagnetic and weather conditions of the flightline
environment. Finally, in the new category of mobility, the CED concept relies on a
wheeled platform that is completely self contained, i.e. provides all hydraulic, electrical
and computer power. Furthermore, the platform must be small enough to get under the

lowest portion of the airframe and provide a dynamic center of rotation. Dynamic center
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of rotation was defined as the ability to move the base in arbitrary directions by the use of
independently steerable wheels.

Those critical technology requirements were expanded and further refined during
the requirements review and initial design phase of the Next Generation Munitions
Handler (NGMH) Advanced Technology Demonstrator (ATD) proj ect® A more
comprehensive analysis of the munitions handling problem revealed that a conventional 6
DOF manipulator is not sufficient. A redundant robot arm design, one with two extra
DOF, is necessary.”’ Mounting that arm on a mobility platform results in a 10 ‘DOF
system. That system must: avoid obstacles while following an operator command motion,
never allow individual joint limits to be exceeded, stay within a range of arm movement
that keeps the mobility platform from tipping over, and reach all the required load points
of the F-15E.** On-line resolution of those potentially competing stipulations requires an
advanced trajectory generation algorithm resident in the control system. The control
system must also: compensate for munition inertia, apply a known force to a surface,
minimize impact forces and, insure a stable transition between free space and the rack or
launcher surface.

The NGMH ATD also identified additional prerequisites in sensors, actuation
systems, and mobility platforms. Sensor technology requirements expand to include
sensing contact along the whole robot arm, and an end-effector force sensor capable of
measuring all six cartesian force/torque values with high sensitivity while under heavy
payload. Along with heavy lift capacity, the actuation system must provide the degree of
fidelity necessary to follow the operator inputs, during the low speed final munition-to-

launcher alignment and assembly process, without any noticeable delay. The ORNL
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design team also suggested that the platform mobility design not be restricted to
independently steerable wheels, but rather be expanded to consider all omnidirectional
technologies.

In summary, by November 1994 the evolution of the robotic munitions concept
had identified the following tentative list of critical technologies.

1. Control system
¢ Telerobotics architecture compatible with emerging standards
e Control algorithms for hydraulic robots
e techniques to mask the weight and inertia of a heavy payload in the
tool frame
e techniques to minimize impact forces and guarantee quick stable
transition between control modes in the contact region
o force/torque techniques for high precision chamferless part mating
of heavy payloads
e Motion planning
¢ real-time switching and blending of operator and program inputs
e real-time constraint-switchable redundancy resolution for combined
mobility and manipulation motion
2. Hydraulic actuation systems
e high payload and small size
¢ human bandwidth at low speed .
e high precision at low speed, i.e. low stiction
3. Sensors
e force/torque device with 3000 Ib. dynamic range, high sensitivity, and
factor of 20 overload protection
e robust on-the-arm proximity devices
4. Omnidirectional mobility platform
o small footprint and volume
e self-contained power systems
e simultaneous rotation and translation
5. Human-machine interface
e come-along control mode
e on-line operator selectable degrees of autonomy
¢ intuitive and robust

This list provides a focus to subsequent intelligence preparation and documentation

activities. The results from those activities are presented at a level suitable for
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comprehension by a robotics engineer. Other readers may wish to skip to the summary

section.

Control

Intelligence gathering for this section was further subdivided into three main target
areas: telerobotic architecture, control algorithms for hydraulic robots, and motion
planning. Each is examined in turn.

Telerobotic Architecture. An architecture is the framework around which a control
system is built. The major industrial robot manufacturers have developed powerful control
architectures to support their individual product lines. However, those architectures are
specifically tailored to highly automated solutions, not human augmentation.”® Significant
modifications are necessary to provide the features required to support telerobotics.>*
Therefore, attention turns to the research side of the house.

Telerobotic architectures are as numerous as the institutions that conduct
telerobotics research.>® In fact, a main obstacle to increased integration of telerobotic
technology has been the lack of common standards. The resultant high cost of custom
designed control systems was identified by the RACE as the prime deterrent to application
of telerobotic technology to depot applications. To address that issue, the RACE is
championihg the development of a common architecture in the area of telerobotics
through the Unified Telerobotics Architecture Project (UTAP).*

The UTAP is providing a standard framework of devices and interfaces which
define a system capable of addressing a wide range of Air Force telerobotics applications.

The architecture will eliminate much of the developmental engineering work associated
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with robotic solutions, yet adherence to it will not hamper efforts to incorporate new
products or technologies over the life cycle of the system. UTAP began as a study to
define the functionalities required to encompass a wide range of telerobotic applications,
the components necessary to build it, and a survey of the available technology. The Jet
Propulsion Laboratory (JPL) telerobotics group completed what later became known as
phase zero, in the fall of 1993.>” Phase one was a collaborative effort between JPL, the
National Institute of Technology (NIST) and a civilian contractor. The objective of that
phase was to examine the feasibility of implementing the abstract level architecture
developed in phase zero, and to develop preliminary interface specifications between all
the functional blocks. NIST and JPL produced an interface document in the summer of
19943 The validity of that specification was evaluated in a series of fundamental
telerobotic capébility demonstrations by a commercial systems integrator.”> Phase two has
been extended for FY94 with the same NIST/contractor team attempting to merge the
lessons learned from the initial verification tests into a full prototype system. NIST and
JPL team members are consultants to the NGMH ATD program and have attended the
preliminary and critical design reviews.

Control Algorithms for Hydraulic Robots. Intelligence gathering for control
algorithms address the three main performance requirements: heavy payload weight and
inertia compensation, force and impact compensation, and high precision chamferless part
mating of heavy payloads.

Weight and Inertia Compensation. The traditional approach to load balancing of
an industrial manipulator focuses on mechanical solutions. Closed link and parallelogram

mechanisms with massive counterbalances, designing the rotational axis of the third link to
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pass through the link center of gravity, and spring loaded masses are some of the more
popular techniques.** But the pendulum is swinging toward combining good mechanical
design principles with more powerful controller software. Within the last ten years,
dynamics compensation has transitioned from the laboratory to commercial products.*!

By incorporating robot dynamic modeling information into the feedforward control loop
software, the controller compensates for inertia and known payload, thereby improving
performance. The new ABB S4 QuickMove controller option incorporates on-line
compensation of the full robot dynamics, including friction, to reduce cycle times by
35%.“* While the major industrial players are concentrating on electromechanical systems,
similar techniques do not enjoy wide application in electrohydraulic devices. Sephri
evaluated a feedforward load compensator which used hydraulic line pressures along with
the appropriate portion of the hydraulic system model to compensate for inertia and
payload for a typical excavator machine.” But the resultant controller is not a commercial
product, and his own literature search confirms the lack of depth in this area.

The critical constraint on the use of feedforward models is accurate a priori
knowledge of robot and payload dynamics. If a priori information is not available, then
several experimentally validated estimation and/or adaptation techniques can be applied.**
The 1992 release of the hypermotion control option from Adept Technologies Inc. was
the first commercial marketing of an adaptive control algorithm. The Sarcos General
Robotic Large Arm (GRLA) brand hydraulic arm uses a form of on-line dynamics
estimation to achieve payload independent gravity balancing.*’

Force and Impact Control. The most advanced commercial form of force control

is offered by Adept Technologies Inc., and their product is nothing more than a move-to-
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force-limit command. However, force trajectory tracking will be the next robot control
innovation to transition from the laboratory. The basics are well understood by the
research community™ and extensive experimental evaluations have been conducted.”’
General impedance control is equivalent to proportional gain explicit force control,*”® and
integral force control is emerging as the consensus algorithm of choice for tracking a
force profile along a stiff surface.”” Advanced systems integrators can achieve force
tracking control with current commercial control systems.” Release of fully embedded
force control software options is anticipated within the next two years.”' Force control
has also been experimentally evaluated, on a limited scale, for both electric*” and hydraulic
redundant manipulators.*

Controlling the forces produced during the impact of a robot and a stiff surface 1s
the next big hurdle. The standard engineering workaround is to approach the contract
point at such slow speed that large force transients become negligible. Unfortunately,
speed limits are not practical for the NGMH application.>® Even at very slow speeds the
impact force/moments between a 2000 Ib. munition and an aircraft are too significant to
ignore. Inserting a passive compliance device in the robot’s kinematic chain is the next
most common workaround. That scheme works well for a fixed low weight payload and
known impact geometry, but reduces positional accuracy and mandates speed restrictions
during large scale motions. More elegant alternatives have been proposed and are now
under laboratory evaluation.

The first references to impact control in the robotics literature date from 1987, but
research didn’t really speed up until the early 1990s.*® The first comprehensive

experimental evaluation of the impact control problem was conducted at Carnegie Mellon
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University (CMU).*® A series of experiments using a direct drive arm verified their
theoretical predictions. The most enduring aspect of that work was a demonstration of
the discontinuous control philosophy. Discontinuous control methodology is based on the
observation that no single conﬁol algorithm performs best in freespace, contact, and
surface tracking. Volpe’s experiments verified that switching from freespace, to impact
region, to force tracking algorithms eliminates contact bouncing and provides a smooth
transition to surface tracking. Force and impedance algorithms that provide acceptable
tracking did not maintain contract during the impact phase. Switching to a negative
proportional gain plus feedfoward force controller upon detection of impact demonstrated
the best impact transient reduction. As the transients decay, a filter increases the gain on
the integral force control algorithm and decreases the impact algorithm’s proportional
gain. The result is a smooth transition from the impact to the tracking phases. As
revealing as those results were, they were performed for a very limited range of motions
and impacts.

In a related work, researchers at the University of Toronto experimentally
validated the theoretical result that discontinuous control is stable throughout the contact
region.”” A controller that switches from position to force control on impact is
asymptotically stable. If contact is lost, the end-effector will return to the surface and
reestablish contact. The experiments were accomplished using a 2-DOF direct drive arm
hitting a surface whose stiffness was varied.

Another variation on the discontinuous control methodology has been proposed by
McGill University.”® A series of tests on the thumb of a Sarcos Dexterous arm (in essence

a small hydraulic 3 DOF robot) showed the potential of applying Nonlinear Proportional
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Derivative (NPD) methods to contact transient control. NPD is a nice intuitive concept
for set point control. The key is to monitor the sign of the derivative error. If the error is
moving away from the setpoint i.e. error increasing, then increase the Proportional
Derivative (PD) gains. If velocity error is moving closer then do the reverse, i.e. lower
the PD gains. Therefore, the formula for calculating the gains bounds them between an a
priori determined minimum and maximum values. Rate of change and width of change
region are modulated by user determined parameters. In theory/practice this provides
more robust freespace performance than a single gain PD algorithm. That observation is
not surprising given the adaptive, almost fuzzy rule, nature of this approach.

As a baseline, the researchers once again demonstrated that PD control was not
stable for non-zero velocity contact. However, by switching from a PD to the NPD upon
detection of a force threshold, the robot was stable in contact and the force transients
wefe reduced in two cycles. In later tests, the PD software was replaced altogether. Now
the force threshold signaled a switch between freespace and force NPD algorithms. The
objective of the experimental evaluations was to grasp and hold an instrument. Surface
tracking was not considered.

The Achilles heel of this approach is the requirement for calculating a derivative
force error. Derivative error calculations are dramatically degraded in the presence of low
resolution and hi}gh sensor noise.” The McGill team acknowledges those limitations, but
given the demonstrated performance improvement from force error rate information,
advocated better sensor techniques to clean up the signal.

Mandal and Payandeh just recently published a third variation on the discontinuous

control theme.*® Instead of switching between discrete algorithms, they proposed
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maintaining a Proportional Integral Derivative (PID) formulation throughout and
switching the gains. The key is a knowledge based tuning process that shifts the gains in
response to changes in the environment. Their knowledge based approach is really a three
phase. table look-up. Based on velocity and force information, tuning rules provide an
environmental classification which provides a pointer into the final look-up table. Table
output is gain settings and impact switch duration.

Their approach is fupdamentally sound. PID control is built into all industrial
control systems. Switching the inputs to force error and setting the PD gains to zero
produces an integral force controller. The PID algorithm is reduced to proportional force
control with velocity damping during the contact phase. A derivative of force is never
used due to noise constraints. Experiments were conducted with a 2-DOF direct drive
arm against a stiff surface. The use of proportional force with velocity damping in the
contact region is the real contribution of this paper.

Two other authors have also recently demonstrated the use of velocity feedback
for transient damping. Li accepts the proportional force and velocity damping approach, -
but advocates using tip velocity directly instead of the normal process of differencing the
cartesian position.*’ The well known problem with this approach is finding an
accelerometer with the necessary sensitivity at low speeds. Results from a single link
PUMA implementation are not conclusive.

In another set of single link experiments, a group from MIT proposes to eliminate
the switching from contact to surface tracking by applying an integral force with velocity
damping algorithm over both phases.®> Once again the results are not conclusive.

Application of velocity damping does improve the performance of a pure integral
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controller, but large force spikes are still present. No attempt was made to contrast this
approach with any others.

Motivated by finger/hand research a Stanford University team proposed using
input preshaping to minimize transients during the contact phase.” Input preshaping is
not a new concept, but this is the first application to impact control. The basic concept of
input preshaping is to suppress vibration by convolving a series of impulses with the
nominal controller input command. The impulses are a product of a set of linear closed
loop equations and knowledge of system frequency targeted for reduction. The impulses
can be calculated off-line if necessary.**

Experimental evaluation was conducted using a single DOF fingertip. Shaping for
the dominant mode removed approximately 85% of the original vibration. Vibration
suppression improved to approximately 95% when shaping was changed to the lowest
secondary frequency. The method also demonstrated a low sensitivity to modeling errors.
To further validate their claims, preshaping performance was compared against:
discontinuous control (position then switch to force error with velocity feedback),
impedance control, and nonlinear active damping. Input preshaping performed at least as
well as the other methods, and has the potential to perform better in noisy environments
since it doesn’t rely on velocity measurements.®

An alternative to using control algorithms to solve the impact problem has been
proposed for redundant manipulators.®® This paper strives to validate two methods of
impact reduction. The first method increases damping torques in the joints that are
contributing to actual motion, i.e. net motion, while not increasing null motion torques to

conserve actuator power. In the second approach the robot arm is reconfigured a priori to
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reduce effective mass and increase effective damping in the impact configuration, thereby
reducing impact force. The weakness of this paper is a reliance on simple 3 DOF planar
simulation results, with ideal actuators and zero gravity, to validate the claims.

High Precision Chamferless Part Mating of Heavy Payloads. The fundamental
NGMH performance requirement is to allow an operator to load munitions easier than
with the current MJ-1. All the other control technologies are targeted to provide that
capability in a teleoperated mode, i.e. the final alignment is conducted exclusively by the
operator. While the envisioned teleoperated system is a significant leap forward, is that
the best available? Can insertion aids be provided to the operator? To answer that
question the intelligence search turns to the field of part assembly.

Flexible automated part assembly is becoming a major manufacturing research
thrust.’” Since the development of the remote center of compliance (RCC)®® at Draper
Laboratory, assembly of chamfered parts has achieved an increasing degree of maturity
and acceptance on the factory floor. The current research emphasis is on higher part
tolerances and reduced chamfer requirements. To meet those demands researchers are
looking beyond passive aids, like the RCC, to active compliance. Admittance control is a
form of active compliance that utilizes force sensor information to modify the part velocity
once in contact with the assembly.*’ The key to using that form of control is the definition
of the admittance matrix that maps measured force to the desired velocity. Schimmels and
Peskin solved that problem for planar assembly on a frictionless surface.” Their work
demonstrates both a technique for setting the matrix values and a test for identifying the
conditions under which successful assembly is permitted. As part of the ATD phase, the

ORNL team applied that procedure to a simplified mockup of the munition loading
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problem. They were able to prove that automated munition assembly is theoretically
possible, but requires knowledge of which bomb lug contacts first. Lug (peg) contact
information is mandated by the need to switch between two admittance matrices. The
single admittance matrix approach used by Schimmels and Peskin is not sufficient.
Recently, Schimmels and Peskin have extended their original work to consider the
effects of friction.”" Admittance control depends on the ability to determine geometrical
contact information based solely on force data. Stated another way, a necessary condition
for force assembly is that the contact forces must contain the geometrical information
related to workpiece/fixture relative position error. Forces are characteristic if distinct
geometrical contact conditions do not produce identical force measurements and force-
assembly fails when the contact forces are no longer characteristic. The difficulty is that
friction can prevent obtaining a clear picture of the geometric configuration based on force
data alone. To address that situation, Schimmels and Peskin developed a procedure for
defining the maximum friction value for which their admittance control force assembly
approach remains valid. Those results are still limited to the planar assembly problem.
Motion Planning. The two critical target components are real-time switching and
blending of operator and program inputs, and real-time constraint switchable redundancy
resolution for combined mobility and manipulation motion. Each is investigated in turn.
Switching and Blending. Current industrial robot control systems are not
designed to support real-time switching of operator and program inputs.”> Those systems
are designed for controlling an automated workcell. Direct operator involvement ends

when the particular program sequence is selected. The only operator interaction with an
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executing robot program is to hit the emergency stop button. However, these systems do
permit an engineering work around. The Adept controller is used as an example.

The Adept motion control system has a command primitive that allows the
blending of pre-programmed and user selected trajectory inputs.” The “alter” command
tells the trajectory generator to sum its normal output with a vector of trajectory offsets.
This capability was designed to adapt the trajectory to environmental variations detected
by proximity or vision sensors. However, it also provides the means for using the Adept
system in a blended input mode. The contractor validation portion of the UTAP program
demonstrated that capability.”* Operator inputs from a joystick and/or force and proximity
sensors were blended and fed to the Adept controller via the alter port. The net result was
an exhibition of fundamental telerobotic functions through use of commercial products.

The ability of a commercial controller to perform real-time switching was not
exercised by phase two of UTAP. In theory, the alter command also supports that
requirement. The real-time switching could be achieved if an auxiliary computer was used
to run the switching algorithm prior to sending the resultant trajectory offsets to the Adept
box. However, that is not the elegant solution possible by full development of the UTAP
specification.

Redundancy Resolution. The basic problem in motion planning is how to convert
a desired path in cartesian space into the series of individual joint positions (set points)
required to follow that path.” Set-point generation is not normally performed at the
servo-loop rate. A separate trajectory generation algorithm performs the detailed
calculations to produce a smooth path in joint space between the set points at the servo-

loop rate.
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Both motion planning and trajectory generation are well understood for common
industrial manipulators. All the major robot companies have elegant software solutions to
this critical component.” However, all of those solutions are for what are commonly
referred to as non-redundant robots, i.e. robots whose joint DOF do not exceed the DOF
in the required path. Since the theoretical ability to reach anywhere in cartesian space only
requires six robot joint DOF, the most common industrial robots have six joints. When an
application requires additional DOF, the solution is to combine individual robots to obtain
the required redundancy. Many industrial systems, or workcells, are redundant, but the
individual mechanisms comprising those systems are not. Industrial robot control systems
are designed to handle this kind of combined redundancy. For example, the FANUC
Karel system provides high speed precision control of up to 16 axes, in three motion
groups, with up to nine axes in a single group.”’

The main motivation for incorporating high DOF control capability into current
commercial controllers was to reduce the controller cost and footprint for volume
customers. Instead of having an individual control unit for each robot mechanism, now
one box can direct a multi-robot workcell. The purpose of the industrial controller motion
planning algorithms is to coordinate the motion of multiple mechanisms, not to resolve the
redundancy of an individual system. Where the specific performance requirements of an
application exceed 6 DOF in a single mechanism, those DOF are generally partitioned,
individual kinematic solutions generated, and then coordinated. The most common
industrial example of a redundant system is a 6 DOF robot riding on a 1 DOF sliding
platform. That system is treated as two motion groups. Another example is the large

reach 9 DOF robotic paint stripping systems installed at Ogden and Warren Robins ALC.
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The motion planning software divides those DOF into three groupings and performs the
forward or inverse kinematic solutions on each grouping individually. The solution for the
first two DOF is used as a base location for starting the kinematic solution to the next 6
DOF, and the process is repeated until all DOF are accounted for. The Large Aircraft
Robotic Painting System (LARPS) being installed at Oklahoma City ALC is initially
designed to use a similar motion grouping approach.” This ad hoc methodology, while
successful for the given application, does not fully utilize the capabilities of the redundant
robot, and doesn’t meet the performance requirements of the 10 DOF NGMH system.

The NGMH concept is critically dependent on the operator’s ability to drag the
robot around by the end-effector without any joints reaching their limits, or hitting
obstacles, while maximizing the stability of the platform. This level of performance
necessitates a motion planning system that can resolve redundancy issues in real-time.
Coordination of motion groups is not sufficient. Existing industrial robot control systems
are inadequate, and there is no indication of this condition changing in the near-term. The
major robot companies are concentrating on their customer’s main demands: “reduced
cycle times, greater product variety, smaller batch sizes and more cost effective
investments”, not redundancy resolution.”” The quest for a solution turns to the research
literature.

Redundancy resolution has been an active research area for many years. An
excellent review of activities prior to 1990 is provided by Siciliano.*® In that review, he
identifies two basic solution categories for instantaneous or real-time control applications.

1. use the generalized inverse to determine a particular solution for a specific
criterion (the pseudo inverse of the least norm of the joint velocity) then use the
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self-motion to achieve a secondary criterion or cost function like obstacle

avoidance, maximum manipulability etc.

2. use a set of relationships or constraints on the task to create an “augmented task
space” by adding some Cartesian space variables to the system to produce a square
invertable extended Jacobian

There are two main distinguishing features between these approaches. The first technique
is not quaranteed to produce cyclic motion, and the second is unable to directly resolve
motion in the task or cartesian space. Both cases are plagued by difficulties and/or
limitations that have been well studied and documented.®’ The following two problems
top the list. Method one has implicit task priority requirements (i.e. the solution can not
optimize both the primary and secondary constraints/criteria simultaneously) and both
methods produce “artificial” algorithmic singularities. However, these limitations have not
prevented laboratory demonstrations baéed on these classic approaches. Our discussion
centers on the most advanced experiments on mechanism that most closely resemble the
NGMH kinematics.

The series of experimental evaluations that most closely resemble the NGMH
kinematics have been conducted at the Jet Propulsion Laboratory (JPL). The JPL team
headed by Dr. Seraji has successfully demonstrated their version of the second approach
on an 8 DOF system.* The experimental set-up was a redundant arm mounted on a
sliding rail. The Configuration Control Approach (CCA) uses a damped-least squares
(DLS) algorithm to invert the extended Jacobian produced by augmenting task space.”
The CCA is computationally efficient and allows on-line adjustments by varying the DLS

coefficients. By definition DLS solutions are approximate, but robust to the singularities

that can haunt other task augmentation implementations.
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The configuration control method is capable of supporting automatic joint limit
avoidance by adding an extra task for each joint.* The joint limit avoidance task is
activated only when the joint violates a user selected soft limit. Once activated, the DLS
weighting associated with that joint increases forcing the algorithm to accomplish the
motion by use of the other joints. The additional computation burden from this feature is
very light. Efficient automatic joint limit avoidance should be an NGMH requirement.

According to Seraji, configuration control also supports on-line switching between
auxiliary tasks. However, to achieve that switching requires the simultaneous calculation
of the complete motion resulting from employing each constraint. The constraint set is
fixed prior to robot motion and can not be changed in midstream. That limitation has
serious implications on computation speed. In his team’s most recent evaluations, the
operator was given a choice of two constraints for each extra DOF.* On line switching in
this instance requires the calculation of four separate and distinct paths. Adding an
additional constraint option for each DOF increases the computational factor from four to
nine. A three option solution for each of the four redundant DOF of the ATD requires the
separate calculation of 81 path solutions. The costly on-line switching ability clearly
compromises the efficiency of this technique.

A research teém at Oak Ridge National Laboratory (ORNL) has recently
developed a new redundancy resolution paradigm that specifically addresses the on-line
switching issue.*® According to ORNL, a priori selection of redundancy criterion and
constraints is inappropriate for robotic real-time control in changing environments. They
propose a methodology in which the entire space of solutions is determined in a

conveniently parameterized fashion. Subsequent determination of the motion path that
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satisfies all the specific constraints and requirements at the particular time step, reduces to
execution of a couple explicit programming steps. The Full Space Parameterization (FSP)
method has replicated the performance of the classic method one algoﬁthm in both
simulation and experimentation. The most recent experiments were conducted on a 7-
DOF arm. The test motions were arranged to allow evaluation with up to four degrees of
redundancy.”’

While not mandatory for the ATD, a specific criteria of a fielded NGMH system is
real-time obstacle avoidance without a priori knowledge of the obstacles. The lack of
prior obstacle information rules out model-based approaches®® and mandates a sensor
based design.¥ Given proper information about obstacle location, the motion planning
algorithm must be able to respond accordingly. Changes in joint motions to avoid the
obstacle must be transparent to the operator. Another key factor to consider is that
telerobotic systems are generally driven by velocity instead of position.

The original solution to this problem was proposed by Maciej ewski.®® His
approach uses a least squares solution which satisfies the end-effector velocity and then
uses the redundant DOF to meet the obstacle avoidance velocity. This pseudo inverse
technique falls under method one in the previously discussed redundancy resolution
taxonomy. From an obstacle avoidance point of view, the main difficulties are the
significant increase in computational burden with multiple obstacles, and the ability of a
least square solution to force the robot into an ob stacle.””

The Sandia National Laboratory solution to these limitations is to use sensor
measurements of the perpendicular distance to the obstacle to filter the desired joint

velocity.” The joint limit is coded as a region 